ABSTRACT
INTRODUCTION
The Sub-Committee on Stability and Load Lines and on Fishing Vessels Safety (SLF) of the International Maritime Organization (IMO) has undertaken the development of socalled "Second Generation Intact Stability Criteria" (SGISC) with the intention of providing a new set of rules covering those phenomena which are not properly covered by present, mostly semi-empirical, requirements.
The envisioned framework of the SGISC is based on a 3+1 tiers approach, where different dangerous phenomena are treated separately, and where three levels of assessment are considered, with increasing complexity. These three levels are so-called "Level 1 Vulnerability Assessment", "Level 2 Vulnerability Assessment" and "Direct Stability Assessment". An additional level, bearing the name of the "Development of Operational Guidance", is also foreseen for those cases where the danger associated with specific phenomena cannot be controlled only by design countermeasures. In the envisioned structure, a ship sailing in a specific loading condition is expected to be considered as "safe" when at least one of the levels can be passed. Of course, firstly the simpler "vulnerability" levels are expected to be applied (and hopefully fulfilled). In case the vulnerability levels cannot be passed, then the following options are available: -the design is modified; -the loading condition is considered as not acceptable; -the ship is tested at the higher tier(s), i.e. "Direct Stability Assessment", with possible development of ship-specific "Operational Guidance".
The majority of the ongoing discussion taking place at SLF and in the research community has concentrated so far on the development of vulnerability assessment methodologies, since these methods are expected to be applied to a wide population of ships (see, e.g., [1, 2, 3, 4, 5, 6] and references therein).
However, more recently, the discussion has also more directly addressed the "Direct Stability Assessment" (DSA), which is also strictly linked with the development of shipspecific "Operational Guidance". Key aspects in this discussion can be identified in: -the outline of the characteristics of the codes which are expected to be used at these levels; -the validation of the codes.
Regarding the expected characteristics of the codes, the preliminary specifications available in [7] indicate that typical hybrid (blended) simulation codes, following the line initiated in [8] , have the characteristics adequate for being considered as suitable tools in this context.
Regarding the problem of "validation", one recent IMO document [9] has put forward a proposal where the "validation" of codes could be split into a "qualitative validation" and Second Generation Intact Stability Criteria: on the validation of codes for direct stability assessment in the framework of an example application a "quantitative validation". The former is intended to check that the physics embedded into the simulation code is appropriate for the simulation of the phenomenon under analysis. The latter is intended as a check of the degree of accuracy in the reproduction of the phenomenon. Some validation work directly connected with the development of SGISC can be found in [10] . At the same time, it is to be recalled that work aimed at the validation of codes for intact stability assessment, although not intended for a regulatory context, was carried out on different occasions by the ITTC (particularly since [11] up to the latest [12] ). Moreover, a lively discussion on the matter of "Verification&Validation (V&V)" is undergoing, in parallel, in the ship stability community (e.g. [13, 14, 15, 16] ). A benchmarking study for parametric roll assessment was also undertaken in the framework of the EU-funded SAFEDOR project [17] . Although validation is a fundamental aspect of Science, where mathematical models are continuously checked against real world phenomena since the time of Galileo Galilei, the matter of validation gets a different flavor when embedded in the rule making process, especially in case of IMO intact stability regulations. Indeed, IMO instruments for intact stability are significantly lacking from the point of view of indications regarding validation of simulation codes, and this can easily be explained by the fact that the use of codes for the simulation of ship dynamics is presently not considered as an option in the majority of IMO stability regulations. Exceptions can be found in case of, e.g. high-speed craft and mobile offshore drilling units. This situation is an evident indicator of the tendency of IMO stability requirements to be quite outdated compared to the general level of knowledge, "with an average time interval of 20 to 30 years between scientific evidence and practical application" [18] . Coming back to the issue of "validation", although this concept cannot be considered as part of present intact stability rules' background, it is interesting to underline that, in the process of the development of regulations, it is not uncommon to face the request of IMO Delegations for a proper "validation" of the developed rules. As discussed in [5] , "validating a rule" is of course a process simply not possible, since a rule is a combination of a calculation method ("criterion" in SGISC nomenclature), which is a technical aspect which can be potentially validated in some cases, and the setting of a limit value ("standard" in SGISC nomenclature), which is a mainly political decision which cannot be "validated". The term "validation", in the IMO discussion, is, therefore, often misused.
Given the described situation, it was of interest to look at the results of a series of beam waves model experiments and associated numerical simulations, from the perspective of the undergoing discussion on "Direct Stability Assessment" approaches. Indeed, for a full Series-60 vessel, some experimental results were available from a previous experimental campaign [19] . More experimental tests have recently been carried out, with the ship in different loading conditions, with the aim of investigating the occurrence of sub-harmonic roll motion in beam waves under multifrequency excitation (in particular bi-chromatic and irregular waves) [20, 21] . Associated with the experimental results, a series of numerical simulations have been carried out using a developed 6-DOF blended code for large amplitude motions and maneuvering in waves [22] , which is based on suitable, in principle, modeling for the type of simulations expected to be necessary for "Direct Stability Assessment". The availability of simulations and experiments allows to put this material in the perspective of SGISC development, and to provide some feedback for the ongoing discussion.
VALIDATION OF CODES FOR DIRECT STABILITY ASSESSMENT
In the framework of SGISC, at so called "Direct Stability Assessment" (DSA) level, it is expected to use simulation models which are able to reproduce the behavior of the ship in waves, with particular attention to certain phenomena which have been identified as "dangerous" (see also [23] ). These phenomena are: -Pure loss of stability; -Parametric rolling; -Surf-riding/Broaching; -Dead-Ship condition; -Excessive accelerations.
Although this list might be incomplete, it covers quite a significant part of dangerous events, if considered separately. It should be said that "Excessive accelerations" is actually something different, since excessive accelerations could occur as a result of different "true" dangerous phenomena (e.g. in dead-ship condition, or during a parametric roll event). This aspect is however not discussed further in this paper.
According to [7] , tools expected to be used at the DSA level should be based on "state-of-the-art" methods. Ideally, a general purpose software for large amplitude ship motions simulations in waves should be able to address all the aforementioned phenomena if the ship, loading condition and environmental conditions are such to make one of the above phenomena to appear. It is however known that, in the field of simulation of large amplitude ship motions in waves, it is still necessary to use mathematical models which, although being based on first-principles, need to be complemented by not negligible semi-empirical tuning/corrections/sub-models. This is valid, to a different extent, whatever computational model is used. Of course, the more we move towards the full application of first-principles approaches (this meaning, basically, direct computational fluid dynamics approaches addressing the fluidstructure interaction in waves), the less we need semi-empirical additions to the simulations. However, at the moment of writing, a direct complete computational fluid dynamics approach for the extensive simulation of ship behavior in irregular waves is simply not feasible for practical applications, due to the excessive requirement of computation resources/computational time and also due to numerical issues still waiting to be fully resolved in a mature way. This basically leaves the door open, today, only to "hybrid/blended methods", where, although in a simplified partially semi-empirical way, the most important characteristics of the problem are taken into account, namely: exact ship geometry, nonlinear rigid body dynamics, forces due to (undisturbed) pressure of waves on the instantaneously submerged hull, radiation and diffraction effects, viscous effects, maneuvering forces, rudder effects, wind actions, etc. Being such type of methods partially semi-empirical means that they are often better suited (tailored) for particular applications and/or ship types. For instance, software tools developed, tested and extensively applied for monohulls can be extremely poor in predictions for multihulls, without proper re-tuning (and/or partial re-development). Moving from the problem of different types of ships to the problem of different types of phenomena, methods which, for instance, are working well for dead-ship condition could be completely unsuitable for simulating, for instance, broaching. In particular this latter comment opens a big question, i.e. whether it is appropriate to develop (strongly) different DSA tools for different phenomena. Tailoring too much a tool for a specific application is, in general, dangerous, because the model could eventually overlook possible dangerous phenomena which were not explicitly considered in the original development of the model, but which could nevertheless happen for certain ships. An archetypal example of this issue, relevant for this paper, is the 1-DOF modeling of roll in beam waves. It is of course necessary to develop a model for such condition taking into account the nonlinearities of restoring in waves (say ). It is also known that in several situations (typically beam regular waves with sufficiently large metacentric heights ) even relatively simple nonlinear models provide good predictions if properly used/tuned in their parameters. However, despite possible good performances of the model in the "foreseen" conditions, if the model is developed neglecting the coupling with heave and the relative angle between the ship and the waves, it can completely miss the occurrence of some nonlinear phenomena (see [20, 21, 24, 25] ). It is therefore necessary to try to avoid, in the development stage, as many simplifications as possible in order to leave as much of the original physics of the problem embedded in the mathematical model, letting the simulation tool "doing its job" without constraining its behavior. Of course, following this way inevitably increases the complexity of the model and, consequently, the debugging phase, the parameters selection phase, the overall computational time, the skills required for using the model, the possible introduction of "spurious" behaviors, etc. etc. It is therefore always a matter of engineering and scientific judgment to decide the level up to which simplifications can be (should be) carried out without compromising too much the capabilities and the accuracy of the model. In this context the process of "validation" helps in checking, although without necessarily giving a final answer to the question of whether the simplifications have been brought the model too far from the real physics.
Going now to the approach proposed in [9] , we will report here the main aspects which are relevant for the present discussion. For more information the reader is referred to the original source [9] as well as to some early feedback [26] . The proposal in [9] regarding DSA tools is based on two main concepts: 1) The specification of minimum requirements for the simulation model; 2) The specification of validation requirements for considering the simulation model suitable for regulatory applications.
The specification of the abovementioned requirements is provided differently for different failure modes with some common requirements. It can be commented that this implicitly means that the proposal in [9] assumes as acceptable the development and subsequent validation of possibly different simulation tools for different dangerous phenomena/ conditions. Before going to specific requirements for dead-ship condition (which is the situation dealt with in the present series of experiments / simulations), it is worth reporting a summary of the generic requirements proposed in [9] .
First of all, [9] proposes to use the Airy model for modeling waves. It is worth mentioning here, as a comment, that the Airy model requires proper stretching (e.g. [27, 28, 29] ) before being consistently usable for large amplitude motion simulations (e.g. [22, 30] ) otherwise the zero-pressure condition at the free surface cannot be properly enforced. The stretching method could be different from code to code.
There are then a couple of interesting and useful reminders/ requirements in [9] regarding roll damping and hull forces. These notes remind the developers to avoid possible duplications of effects, a matter which was actually touched in the past in [31] . It is indeed important to avoid the possible (partial) overlapping of different models (e.g. seakeeping and maneuvering models) in the simulation code.
Regarding the specific case of dead-ship condition without considering wind (which is the situation dealt with in the present series of experiments / simulations), minimum requirements in [9] can be summarized as follows, with some comments (see the original text for the exact wording):
• At least 5 DOFs should be used (surge can be avoided).
As a comment to this requirement, it could be said that eliminating any DOF is always a "tricky" job. The way to eliminate/constrain DOFs is typically not unique and different developers can follow different approaches (e.g. partial elimination through elastic joints, complete elimination through virtual forces based on analytical conditions, simple dropping of terms in the equations of motions, ...).
• Froude-Krylov and hydrostatic forces should be calculated on the actual underwater hull. It is of course necessary to consider the instantaneous underwater hull, because this is the main source of roll restoring nonlinearities. Also, this approach implicitly introduces some coupling with other DOFs, in particular heave, which is something of interest in the framework of the present study. What should however be commented, is the wording used in [9] , which implicitly considers it possible to separate the FroudeKrylov component from the hydrostatic component. While this separation is perfectly suited for linear calculations, where the undisturbed wave pressure field can be separated into the undisturbed calm water hydrostatic pressure and the wave disturbance, this is no longer possible in nonlinear simulations, particularly when considering a nonflat free surface. Trying to keep on using this separation can potentially create consistency issues and unforeseen problems (in case of, e.g., very large waves). For this reason, in nonlinear ship motions simulations, the "Froude-Krylov" pressure should always be considered (or, better, defined) as the total pressure of the undisturbed wave (i.e. without removing the "hydrostatic" component). This is particularly necessary when using stretching approaches as mentioned before. Moreover this would be more easily transferrable to fully nonlinear descriptions of the undisturbed wave pressure field.
• Radiation and diffraction forces should be appropriately considered. The introduction of radiation and diffraction effects, in a simplified way, has always been a struggle for developers. The typically most effective approach (though not necessarily the most correct one) is the introduction of diffraction and radiation terms from linear seakeeping precalculation. However, also in this case different developers have used different approaches. Typical different choices are whether to use constant coefficients or embed memory effects through convolution integrals (this latter nowadays considered more suitable, although slower from the computation point of view). A particular issue is associated with the reference system to be used for the calculation of radiation and/or diffraction terms based on the linear theory (body-fixed variables? earth fixed variables? variables in "almost-steadily" translating horizontal system? ...). Moreover, variable speed effects (typically with large drift angles) in the case of convolution-based approaches also represent a modeling issue where different approximations can be considered, which leads to inherently different codes/simulation methods.
• Drift forces (longitudinal, heeling moment, yaw moment) should be based on model test results (CFD can be used if proved to be sufficiently accurate).
Open issues are associated with this matter. Drift forces from model tests are often determined in quite "artificial" conditions and a fundamental issue is how to consistently implement experiment (CFD simulation) data in large amplitude motions simulations. A relevant and instructive example touching a little bit this aspect is the application of the alternative experimental assessment of Weather Criterion through the procedure specified in MSC.1/Circ.1200 [32] . As briefly noted in [33] , there is often space for "interpretation" on how to combine experiments, which are typically carried out in a free sinkage&trim condition in calm water, with calculations, which are typically dealing with different conditions, especially when wind forces and drift forces are to be combined. The lack of uniqueness in the modeling of these effects is likely to introduce some "modeling noise".
In addition to the above topics, the proposal in [9] also touches wind forces and, very briefly, the problem of proper generation of irregular waves.
Regarding requirements for validation, the proposal in [9] introduces the idea of splitting the validation process in two parts, namely: 1) "Qualitative validation"; 2) "Quantitative validation".
In addition, the proposal in [9] introduces the idea of having a validation process which is basically "failure-mode specific", although some validation requirements are specified more generally, in terms of the type of characteristic the model is expected to embed. The introduction of a failure-mode specific validation approach has the pros of being very tailored and effective, but, on the other hand, it potentially opens the door to the possibility of overlooking some phenomena which are not originally intended to be represented by the mathematical model and/or checked through the validation process.
Regarding qualitative validation (limiting to aspects related to dead-ship condition -see [9] [34] . The bending of the response curve in beam waves is associated, to a large extent, to nonlinearities of roll restoring (although drifting effects can also be of importance [35] ). Moreover, nonlinear roll restoring also introduces a rolling-amplitude dependence of the natural roll oscillation frequency, which can be qualitatively (and partially quantitatively) observed through the analysis of (large-initial-angle) roll decays.
• Heel caused by drift and wind should be reproduced. This is of course necessary whenever ship motions are to be simulated in waves and/or wind.
Regarding quantitative validation (limiting to aspects related to dead-ship condition -see [9] for exact wording): • Results from experiments carried out according to ITTC guidelines should be considered as "correct values". In [9] it is not reported exactly which procedure should be used, but the relevant procedure for this purpose, as suggested in [26] Given the general complexity of the problem under analysis (nonlinear ship motions in waves) and of the tools intended to be used for the simulation (blended codes), and considering the need of application in a regulatory framework (for DSA and/or development of operational guidance in the framework of SGISC), it is therefore expectable that a "once for all" validation process will not provide sufficient robustness, so requiring appropriate interaction with the Administrations.
SIMULATION METHOD
Simulations have been carried out using a nonlinear 6-DOF blended simulation code (SHIXDOF -"nonlinear SHIp motion simulation program with siX Degrees Of Freedom"), under development at the University of Trieste [21, 22] . The simulation methodology can be considered to follow the line initiated by [8] . The main characteristics of the simulation method have been described in [21, 22] , and here they are reported in view of the undergoing discussion on DSA methods in the development of SGISC [9, 26] .
First of all, rigid body motion equations are considered fully nonlinear in six DOFs, using a main state vector expressed in a ship-fixed reference system S:Oxyz. As it is common in maneuvering simulations, the nonlinear rigid-body equations of motions are then supplemented by those necessary to translate and orientate the rigid body with respect to an earth-fixed reference system Σ:Ωζηζ. The system of equations then reads as follows: (1) considers the fully nonlinear rigid-body dynamics. As such, the rigid-body dynamical model is suitable to consider all the phenomena of interest in the DSA for SGISC and it is in line with the requirements proposed in [9] .
The modeling of external forces is intended to give the code the capability of simulating nonlinear ship maneuvering in regular and irregular waves [21, 22] . The Froude-Krylov pressure (comprising the hydrostatic term) is calculated up to the instantaneous wetted surface of the hull in order to catch the effect of geometrical nonlinearities (in particular nonlinear roll restoring), which is a fundamental requirement to address large amplitude motions (particularly roll) in waves. This characteristic is in line with the requirements proposed in [9] . Using an approach along the line in [27] , particular attention was given to embed a suitable stretching of the pressure and particle's velocity fields in order to guarantee, in particular, zero-pressure at the free surface (see discussion on this issue in [30] ). Radiation terms (leading to added mass and wave damping) are based on linear hydrodynamic pre-calculations. In order to allow a quite consistent use of the code in irregular waves and/or in case of non-harmonic responses (e.g. subharmonic, ultra-harmonic, chaotic motions), radiation effects are embedded through convolution integrals following [37] and accounting for [38] . The linear maneuvering forces due to lift effects are based on linear derivatives from [39] . The roll moment induced by the maneuvering forces is taken into account. In order to avoid overlapping between the seakeeping and the maneuvering model, added mass terms are supposed to be dealt with by the seakeeping model, and this attention in the modeling takes into account the warnings in [9] . However, when simulating the motions in waves, the drift angle can become quite large. For this reason linear maneuvering forces are reduced at large drift angles taking into account [40] . Moreover, since the flow field in waves is characterized by spatial variability due to wave induced orbital velocities, an "equivalent surge-yaw-sway motion" relative to the water is updated at each simulation time step, in a way similar to [41] .
Nonlinear drag terms, which in the modeling mimic nonlinear maneuvering forces, are based on a simplified modeling which accounts for the relative speed between water and instantaneously submerged ship centreplane. The obtained model is basically a simplified cross-flow drag model taking into account the instantaneous relative velocity between the ship and wave particles. This model implicitly introduces a nonlinear roll damping. Additional linear and nonlinear roll damping coefficients can be introduced for tuning purposes. Particular attention is given in setting these coefficients, because roll damping is partially provided, implicitly, by different models (seakeeping model, maneuvering model, simplified cross-flow model, ...). This is true also concerning forward speed lift effects, because additional roll damping is introduced by forward speed effects in sway forces from the maneuvering model. For this reason, coefficients are set, in general, by iterative tuning of simulated roll decays. This process takes into account the warnings in [9] . Finally, constraints can be introduced in different forms. With reference to the topic of the paper, springs can be introduced to limit certain motions (typically lateral drift and/or low frequency yaw). Other characteristics are available (e.g. lifting surfaces, propulsors, ...) which are however not relevant for the topic under discussion. Overall, it can be said that the mathematical modeling embedded in the simulation code is therefore in line with the main specifications in [9] .
HULL FORM AND EXPERIMENTAL CONDITIONS
The hull form used in this study is a standard Series 60 with main characteristics reported in Table 1 . The bodyplan and the curve in the considered loading conditions are reported in Figure 1 . The hull was tested in the past using the loading condition LC01 (see [19] ). Recently, additional tests have been carried out in the loading condition LC02, which is characterized by a much lower , and therefore a much more nonlinear . In both cases the is of the "hardening" type (more than linear). All experiments have been carried out at the Hydrodynamic Laboratories of the University of Trieste.
Different types of experimental tests have been carried out for the two considered loading conditions. Letting ω 0 the roll natural frequency and:
• Loading condition LC01 (large ) [19] . Roll decays, monochromatic beam waves (ω wave ~ ω 0 ). Model free to drift;
• Loading condition LC02 (small ) [21] . Roll decays, monochromatic beam waves (ω wave ~ 2ω 0 ; ω wave ~ 3ω 0 ), bi-chromatic beam waves (ω wave, 2k ~ 2ω 0 + ω wave, 3k ~ 3ω 0 ), irregular beam waves (spectral peak frequency ~ 2ω 0 ). Model partially restrained at bow and stern. Tests executed for LC01 were part of a study, associated with the development of MSC.1/Circ.1200 [32] , regarding the application of simplified 1-DOF mathematical models for the analysis and modeling of roll decays and 1:1 resonant roll response under harmonic beam waves. On the other hand, tests executed for LC02 were part of a study intended to address the possible occurrence of sub-harmonic resonance under bichromatic and multi-frequency excitations in beam seas [20, 21] . It is important to underline that in case of loading condition LC02, all simulations, which were carried out in advance, were based on a nominal frequency equal to ω 0 = 2.010 rad/s (model scale), whereas the experiments were carried out considering a reference roll frequency ω 0 = 1.913 rad/s (model scale). As a result, given the ratio ω wave /ω 0 , the actual wave length/frequency is not exactly the same in the experiments and simulations shown in the next section. Bearing this in mind, comparisons can be considered still meaningful.
Fig. 1. Bodyplan of the hull and in the considered loading conditions. Model scale

EXPERIMENTS AND NUMERICAL SIMULATIONS: SELECTED SAMPLE RESULTS
For the two considered loading conditions, LC01 and LC02 (see Table 1 ), numerical simulations have been carried out in order to compare the numerical predictions and the experimental results. In case of LC01, the (dry) roll moment of inertia was tuned to match the experimental roll natural frequency and roll damping coefficients have been tuned to fit the roll decays. On the other hand, in case of LC02, full tuning was not carried out, because the simulations were carried out before completing the analysis of roll decays. In particular, as said, the roll natural frequency in experiments and simulations is not exactly the same, and this indirectly influences the actual forcing wave length(s). Moreover, the tuning of damping parameters for LC02 was carried out to have a dimensionless roll damping, as a function of roll amplitude, in line with the data for LC01. However, the analyses carried out so far indicate that the roll damping used in the simulations could be smaller than the actual damping and that roll damping in the experiments could be associated with non negligible surface tension effects, which are not modeled in the simulations. The effect of inaccurate damping tuning in LC02 is therefore subject to further investigation. It can nevertheless be said that, in a practical application, it could be possible to imagine that roll damping coefficients from one loading condition could be transferred to another loading condition, in the absence of further information. Moreover, it is also possible that the predicted roll natural frequency could differ from the actually measured roll natural frequency. As such, the results reported in this paper for LC02 could be considered to represent a typical level of discrepancy induced by typical, not perfectly accurate, assumptions on main roll coefficients. In both loading conditions, soft springs for yaw have been introduced, but in LC01 the model is free to drift, while in LC02 soft springs prevents also the drift motion in accordance with the experimental setup. Herein some results are reported in view of the requirements proposed in [9] .
First of all we want to check that the simulation model, as expected, is able to reproduce the effect of nonlinear roll restoring and nonlinear damping. Figure 2 shows two simulated roll decays, starting from the same initial angle, for the two loading conditions LC01 and LC02. Together with the time histories of roll, Figure 2 also shows a comparison of the amplitude dependence of oscillation frequency (normalized w.r.t. its value at zero amplitude) and of dimensionless equivalent roll damping, as obtained from processing of the simulated decays. It can be clearly seen that the amplitude dependence of both frequency and damping is modeled in the simulations. Stronger nonlinearities of restoring in condition LC02 lead to stronger relative increase of the oscillation frequency as the amplitude increases. As a consequence of the tuning of damping for condition LC02 on the basis of data from condition LC01, the dimensionless equivalent linear roll damping in both conditions is very close. The increase of the roll damping with the amplitude is a consequence of the presence of inherent nonlinear effects in the mathematical model plus the tuning of additional roll damping coefficients. Figure 3 shows a comparison between the experimental and simulated rolling amplitude in beam regular (monochromatic) waves for condition LC01. It can be seen that the comparison between the experimental results and the numerical simulations is good, although the maximum rolling amplitude for the steepness s w = 1/30 is over predicted by the simulations (better tuning of the damping model could improve the agreement). The drifting speed at high frequency for s w = 1/30 also tends to be over predicted by the simulations, as it can be noticed by the stronger Doppler effect in simulations compared with experiments. The major features of nonlinear rolling in beam waves, i.e. saturation of the amplitude and bending of the response curve, are reproduced. Moreover, as expected, the roll response curves tend to "fold around" the backbone curve obtained from the analysis of roll decays (when considering the oscillation frequency). All the reported outcomes are in line with the requirements in [9] .
The experimental tests carried out in the loading condition LC01 have addressed a well known phenomenon, i.e. nonlinear 1:1 resonant roll in regular beam waves. On the other hand, the experiments carried out in the loading condition LC02, which is characterized by a small metacentric height and thus a strongly nonlinear with hardening shape, have instead addressed the occurrence of sub-harmonic roll motion when waves are either bi-chromatic (a useful archetypal model) or irregular (which is a more realistic case). A limited series of tests have also been carried out in mono-chromatic beam waves [21] .
In case of bi-chromatic waves [21] , two harmonic components have been superimposed, each harmonic with the same ratio between (linear) wave height and wave length (i.e. steepness s w ). The frequencies of the two harmonic components, ω 2k and ω 3k , have been chosen as two and three times, respectively, a reference frequency ω ref , which was defined in terms of the roll natural frequency ω 0 , through a tuning ratio parameter k ratio , i.e.: The results from the experiments and the 6-DOF simulations are shown in Figure 4 . The roll motion is reported in terms of roll standard deviation since, in principle, the time history could be characterized by multiple frequencies. In reality, due to the dominance of the sub-harmonic response at a frequency equal to ω ref , the motion is almost mono-chromatic, hence the amplitude is approximately times the roll standard deviation. The experimentally observed sub-harmonic roll response is reproduced by the simulation model. Discrepancies between the simulated roll motion and the experimental results could partially be due to a not very accurate tuning of roll damping, as already pointed out, and due to the difference in the roll natural frequency ω 0 between the experiments and simulations. The bending of the roll response curve observed in the experiments is reproduced by the simulations and the side of the bending, i.e. towards the high frequency region, is consistent with the shape of the roll restoring (hardening type, i.e. more-thanlinear type).
Finally, a sample result from tests and simulations in irregular waves is reported in Figure 5 . The figure shows the roll spectrum as obtained from the experiments and the simulations when the sea spectrum has a Bretschneider shape, with significant wave height 80mm and peak spectral frequency equal to twice the roll natural frequency (simulations: ω 0 = 2.010 rad/s ; experiments: ω 0 = 1.913 rad/s). It can be seen that the roll motion is completely governed by the sub-harmonic response. This characteristic is observed in experiments and reproduced by simulations. Quantitative agreement between experiments and simulations is good.
It is now worth looking at the results reported in Figure  4 and Figure 5 , and link them with the previous discussion regarding the level of simplification which is to be considered as acceptable in the mathematical model for DSA. First of all it must be reported that a relatively "standard" 1-DOF nonlinear roll model based on an absolute angle approach was not able to reproduce the observed sub-harmonic resonances, while a model based on a relative angle approach showed some characteristics of the observed phenomenon, but only from a qualitative point of view [21] . Coming back to the simulations reported in this paper, the mathematical model used in the 6-DOF simulations was developed, originally, without having in mind the possibility of (or need for) simulating the occurrence of sub-harmonic rolling under bi-/multi-chromatic beam sea excitation. Nevertheless, due to the quite general approach, the simulation method has proven to be able to predict the existence of this type of phenomenon, although this was not in the mind of the developer at the moment of the development. If the modeling had been developed only with the intention of simulating 1:1 resonance in beam regular/ irregular waves, it is quite possible that the simplifications introduced for tailoring the model to such application could have led to a simulation tool unable to predict the observed behavior. Therefore, as already said, in case of tools intended for DSA application, it is often better (necessary) to keep the underlying mathematical modeling as general as reasonably possible, letting the simulation tool "doing its job" without constraining its behavior.
CONCLUSIONS
In the framework of the development of "Second Generation Intact Stability Criteria" (SGISC), the IMO has started addressing the topic of "Direct Stability Assessment" (DSA), with particular attention to the characteristics and the validation of those numerical tools which are expected to be used for this purpose. In the 3+1 tiers framework of SGISC (vulnerability level 1 and 2, DSA + ship-specific operational guidance), the DSA level is supposed to be applied only in a relatively small fraction of cases and results from calculations carried out at this level are expected to help, if necessary, in the development of ship-specific "Operational Guidance". Tools to be used at this level are expected to represent the state-of-the-art in the field of simulation of maneuvering and large amplitude ship motions in waves, bearing in mind the need for practical application purposes.
Stimulated by the ongoing discussion, this paper has commented some recent proposals put forward at IMO, linking them with some experimental results and numerical simulations based on a 6-DOF blended code. Topics like the quantitative level of agreement between experiments and simulations, the level of simplification and the risk of inconsistencies in the mathematical models to be used, etc. have been addressed. Several open issues remain on the table, but the example reported in this paper, where a ship with low metacentric height and strongly nonlinear restoring exhibits sub-harmonic resonance in beam bi-chromatic and irregular waves, indicates that too high simplifications in the mathematical models to be used at DSA could lead to the missing of some phenomena, if such phenomena are not in the mind of the developer at the time of developing. For this reason, in case of tools intended for DSA application, it is often better (necessary) to keep the underlying mathematical modeling as general as reasonably possible, letting the simulation tool "doing its job" without constraining its behavior.
The comparison between experiments and simulations, as reported in this paper, has also tried to briefly follow the idea of separating qualitative and quantitative validation, as recently put forward at IMO, for tools to be used at DSA level. The general characteristics of the mathematical model used in the simulation code make it suitable for application at the DSA level and the agreement between the experiments and the simulations has also shown to be in general good.
